This study was established to investigate the effects of blanket bog afforestation on the physical properties of the peat and on the quantity and timing of runoff. Three afforestation treatments, representing the options for planting on very deep blanket bog, were used: Sitka spruce (Picea sitchensis), given phosphorus (P) and potassium (K) fertilizers at planting, lodgepole pine (Pinus contorta), given no fertilizer until P was needed to relieve deficiency in year 3, and a 50:50 mixture of the two species, given P at planting. Afforestation treatments reduced annual runoff by 7 per cent compared with an unploughed, unplanted but drained control. Runoff was reduced in spring and summer but not in autumn or winter. Compared with the drained control, peak flows were increased by afforestation while the baseflow component of total flow was reduced. Sediment accumulated at a similar rate (0.016 kg dry matter per metre of drain per year) in the afforested treatments and the drained control. Afforestation lowered the water table significantly compared with the control, but there were no differences among the three treatments. Peat water content was reduced within 4 weeks by the ploughing operation that preceded planting in the afforestation treatments. In the first 5 years the undisturbed ground between plough ridges subsided by 11 (±2) cm while the tops of ridges and the bottoms of furrows subsided by 18 (±2) cm and 5 (±1) cm, respectively. Subsidence increased with proximity to a drain, from 9 (±1) cm, 10 m from the drain edge, to 16 (±2) cm, 0.1 m from the drain edge. Even in the control treatment, the perimeter drain caused a subsidence of 2 (±1) cm 10 m away, and 11 (±5) cm 0.1 m from the edge. The rate of subsidence slowed down with time and, after the third year, further subsidence only occurred in summer. Peat depth markers showed that subsidence of the ground surface was caused by consolidation of peat throughout its thickness, rather than solely by shrinkage of the drained layer. Half of the subsidence near the centre of the afforested plots was caused by compression of peat at depths of over 1.5 m. Drainage system design and maintenance needs to take account of the differential subsidence beneath planted and unplanted ground. Where drains run from planted onto unplanted ground they need to be deep enough to allow for a 0.6º reduction in gradient in the first 5 years, increasing to 1º or more subsequently. When considering pre-commercial felling to restore peatland habitats, areas of pre-thicket age first rotation forest can be considered candidates because, at this stage, the peat has not been altered to a degree which would hinder rewetting and consequent habitat development.
Introduction
There are some 2.1 million ha of blanket peatland over 50 cm in depth in Great Britain, of which about 190 000 ha have been afforested, mainly since 1945 (Cannell et al., 1993) . UK government policy now discourages planting on land with peat over 1 m deep but further planting is likely on shallower peatland. It is important that the hydrological and soil physical effects of afforestation are properly understood, so that measures to deal with any harmful effects can be incorporated into codes of practice (Forestry Authority, 1993) .
Before trees can be successfully established on blanket peat the water table must be lowered, usually by some combination of closely spaced plough furrows and deep but more widely spaced ditches. From the time of canopy closure at 10-15 years, the increased interception of rainfall leads to greater evaporation by the trees . This encourages irreversible drying of the peat and the eventual development of shrinkage cracks (Pyatt et al., 1987) . The application of phosphorus fertilizer at planting is normally essential on blanket peat and on the less fertile sites potassium is also required. One or two repeat applications may have to be made at intervals of 6-8 years if a demanding species such as Sitka spruce (Picea sitchensis (Bong.) Carr.) is grown (Taylor, 1991) . This paper reports on the first 5 years of a longterm experiment designed to study the effects of afforestation on peat, particularly its shrinkage, and on the quantity and timing of runoff. The effects on water chemistry have been studied at the same site and reported by Miller et al. (1996) .
Methods

Site
The experiment is situated on wet, infertile blanket bog, 90 m above sea level, with a mean annual rainfall of 950 mm (Meteorological Office, 1977) , at National Grid Reference ND167500 in central Caithness. It occupies the large undisturbed control plots of an older afforestation trial planted in 1968 within a 50 ha experimental enclosure (Pyatt et al., 1992; Anderson et al., 1995) . The enclosure forms part of a much larger expanse of ombrogenous 'Eastern' watershed blanket bog (Nature Conservancy Council, 1988) whose vegetation is dominated by Sphagnum L. and Trichophorum cespitosum (L.) Hartman, with lesser amounts of Eriophorum angustifolium Honckeny, E. vaginatum L., Erica tetralix L., Cladonia spp. Hill ex Browne, Narthecium ossifragum (L.) Hudson and Calluna vulgaris (L.) Hull. The upper 10 cm of the peat contains relatively undecomposed Sphagnum and has a von Post humification value (von Post, 1922) of 3-5. The underlying reddish brown pseudofibrous peat is 3-5 m thick and has a humification value of 7-9.
Experimental design and layout
The experiment has four treatments with four replications in a randomized block design. Each block is located in one of the undisturbed control plots of the much larger 1968 experiment ( Figure  1a ) and is surrounded by a 0.9 m deep ditch to provide a degree of hydrological isolation for the area within (Figure 1b) . Each plot of 42 ϫ 20 m has a 0.9 m deep ditch around its perimeter leading to a stilling pool formed by deepening and widening the ditch, and a thin plate aluminium weir. A 5 m wide buffer strip separates adjacent plots and separates the plots from the ditch surrounding the block.
Afforestation treatments
The treatments are summarized in Table 1 . The ploughing was done in winter 1988/89 with a shallow double-mouldboard tine plough, producing furrows 30 cm deep and 1 m wide at 4 m centres (D30). The ploughing direction was along the long axis of the block and it was necessary for the towing tractor (with the plough uplifted) to cross the 'O' plots with some inevitable disturbance of the surface, even if that treatment lay at one end of the block. The plough ridges were planted in spring 1989 at 2 m spacing with lodgepole pine (Pinus contorta Douglas ex Loud.) of Skeena River origin (KLP), Sitka spruce of Queen Charlotte Islands origin (QSS) and a mixture of QSS and lodgepole pine of Alaskan origin (QSS/ALP). The height of the trees was measured at the end of each growing season. Fertilizer applied Fertilizer was applied by hand around each tree, taking care not to let it fall into furrows or drains. In order to increase the treatment contrasts in the water quality study being carried out simultaneously (Miller et al., 1996) , fertilizer was initially withheld from the L treatment (Table 1) . As expected, the KLP trees grew poorly compared with the others and after 2 years P fertilizer was also applied to this treatment. The P fertilizer was applied as unground rock phosphate, the K as potassium chloride (muriate of potash).
Rainfall and evaporation
An automatic weather station provided estimates of rainfall and evaporation. The weather station rain-gauge was backed up by two collecting raingauges emptied weekly from January 1989 to Autumn 1991 and thereafter replaced by two 0.5 mm tipping-bucket recording rain-gauges. A correlation between seasonal rainfall at the site and MORECS (Meteorological Office Rainfall and Evaporation Calculation System) rainfall data for the area, based on 4.5 years of both datasets, was used to estimate rainfall for the autumn and winter of 1993 after our equipment failed.
Runoff
Instrumentation Our initial attempt to record runoff using 20°V-notch weirs and pressure transducers was unsuccessful, leaving us without reliable runoff data for the period up to June 1991. After that, tipping buckets of 5 litre capacity were used (Edwards et al., 1974; Vinten et al., 1991) . Runoff was directed into the buckets via a plastic pipe set into the weir plate. In Block 2, where the water chemistry was also being monitored (Miller et al., 1996) , the V-notches were used with mechanical water level recorders to back up the tipping bucket record of runoff; discharge from the V-notch was directed onto the tipping bucket via a V-section channel, 10 cm below the notch.
Calibration
The tipping bucket tip rates were converted to flow rates using a fixed volume for each bucket, obtained by the dynamic calibration method of Calder and Kidd (1978) . There were too few high flows to give a reliable estimate of the tip time (i.e. the time taken for the bucket to move from rest to the mid-point of the tip), so it was not possible to use the dynamic calibration to convert from tip rate to flow rate. The fixed volume conversion method may have caused runoff to be underestimated by up to 6 per cent because it ignores water which enters the full bucket after it has started to tip. The stage recorders used in Block 2 were calibrated in situ.
Sediment Deposited sediment in the weir pools, consisting mainly of peat slurry, was collected on several occasions, usually when one pool became so filled up that the slurry threatened to interfere with runoff measurement. The upper end of the pool was dammed with a board and the pool contents were then poured into a woven polypropylene sack. Water seeped through the sack but most of the solid matter was retained. The closed sacks were suspended until the sludge inside was solid enough to transport to the laboratory for oven drying. The dry weight of the sediment was determined by oven drying at 105ºC to constant weight.
Depth to water table
Three dipwells were installed on the undisturbed surface in each plot (Figure 1 ). Holes 5 cm square in cross-section and 90 cm deep, made with a square corer (Cuttle and Malcolm, 1979) , were lined with 5 cm diameter perforated PVC pipe protruding 10 cm above ground and capped. Depth to water table was measured at weekly intervals for the first 2 years.
Peat water content
Four weeks after the ploughing, before the ditches had been dug, three cores of peat 0.9 m long and 5 cm square in section were taken from the dipwell positions. The cores were cut into 10 cm sections and oven dried for the determination of water content.
Subsidence
Ground surface To record the shrinkage of the peat, measurements were made of the height of the ground surface on a mid-line transect of each plot. On both sides of each block, a metal rod was pushed vertically through the peat and hammered into the mineral substratum to act as a benchmark for these measurements. The transects were marked with a permanent line of stakes and the precise positions of measurement (bottom of each furrow, top of each ridge and edges and centre of each undisturbed strip, average 0.5 m intervals; control plots: 1 m intervals) were standardized by their distance along the transect. Heights were measured, by surveying with an automatic level to the nearest 1 cm, twice a year, starting in 1989. Subsidence of the surface was calculated as the change in height between the first (February 1989) and subsequent surveys. A comparison of ground surface height change between positions marked by stakes and those not marked showed that ground levels beside stakes were not affected by birds perching on the stakes and defecating.
Subsidence at depth To measure subsidence at different depths, a set of markers was installed in each plot at depths of 25, 50, 75, 100, 125 and 150 cm. A marker consisted of a 5 ϫ 4 cm horizontal brass plate attached to a vertical stainless steel rod which extended above the surface. The markers were installed by taking out an undisturbed 5 ϫ 5 cm core of peat of the appropriate length, inserting a marker into the hole, pushing the brass plate sideways into the peat at the appropriate depth using a specially made tool, then replacing the core. The markers were placed near the centre of the plot beneath undisturbed vegetation, spaced about 40 cm apart. Measurements of the depth of the markers were made during the height survey of the transect by gently resting the graduated staff on the top of and at the base of each rod in turn. It was assumed that the brass plate would not move relative to the peat at that depth.
Results
Tree survival, height growth and health
Survival rate 1 year after planting was 100 per cent for the Sitka spruce and 97 per cent for the lodgepole pine. Dead trees were replaced and the survival rate for the second year was 100 per cent for both species. Differences in planted seedling size had been cancelled out by the end of the first growing season, by which time the mean tree heights for all treatments were equal (Figure 2 ). After that, the LP in mixture (ALP) was always taller than in pure plots (KLP) but shorter than SS. SS in mixture was shorter than in pure plots.
The LP suffered attacks by pine sawfly (Neodiprion sertifer) during the second and third growing seasons. The SS in some blocks, both in pure stands and in mixtures, suffered frost damage several times, notably in the autumn of their first growing season. Frost-damaged trees lost many new side shoots and their 5 year height was reduced by 25 per cent.
Rainfall
Mean annual precipitation for 1989-93 was 943 mm (Table 2 ). The first year of the experiment, 1989, was drier than average and 1992 was wetter. The data were divided into four hydrological seasons, each 13 weeks long (i.e. 'spring': March-May, 'summer': June-August, 'autumn': September-November and 'winter': December-February) so that seasonal differences in the hydrology can be shown. The rain was fairly evenly distributed over the year, 'autumn' being slightly wetter than the other seasons.
Runoff
Treatment differences in annual and seasonal runoff Equipment problems meant that we had no reliable runoff data before July 1991. During the second half of the 5 year period, annual runoff from the planted treatments (Table 3 ) was 7 per cent lower than from the control (ANOVA, significant at P < 0.05). The planted treatments had significantly less runoff than the control during spring and summer but not during autumn or inter. There were no significant differences in runoff among the three planted treatments. Annual mean 581* 542 540 535 *Significant difference between the control and planted treatments (P < 0.05). There were no significant differences among the planted treatments. the event) were on average 13 per cent higher in the planted treatments than in the control but the difference was not significant. However when the sample of 73 rainfall events was separated into five classes of peak discharge (based on the peak discharge in the control treatment), with roughly equal numbers in each, differences were found in all classes and were significant (P < 0.05) in the three classes with peak discharge less than 0.5 mm h -1 (Figure 3) . The time between the onset of rain and the time of peak discharge (time-to-peak) was not significantly different among treatments, even when the rainfall events were divided into the five classes of peak discharge. The time-to-peak varied for different antecedent flow rates (i.e. the flow rate when the rain began) but treatment differences were not significant even within four classes of antecedent flow rate (Figure 4 ).
Treatment differences in runoff response
Differences in low flows between treatments
The baseflow index (BFI), calculated as the proportion of discharge occurring as baseflow (Gustard et al., 1993; , was significantly larger (P < 0.05) for the control treatment than the others in 1991 and 1993, but not in 1992 ( Figure 5 ). The difference in BFI for the overall 1991-93 period was significant (P < 0.05).
Sediment Accumulated peat slurry removed from the weir pools averaged 5.0 kg dry weight per plot for the period up to April 1991 (i.e. in the first 2.5 years). A further 3.8 kg had accumulated by May 1993 (based on two blocks). There were no significant differences among treatments.
If the slurry is assumed to originate entirely from the drains around the plot edges, it represents a rate of erosion of 0.016 kg dry matter m -1 year -1 . Sediment was also deposited in the plot edge drains themselves and seemed to settle there, rather than being washed down into the weir pools, therefore it is not known if the rate of sediment accumulation in weir pools is actually related to either the erosion rate or the sediment export rate.
Evaporation
Annual evaporation, the result of subtracting measured runoff from measured rainfall, was 440 mm for the control treatment over the period June 1991 to May 1993.
Water level
The water level was significantly lower (P < 0.01) in the ploughed planted treatments than in the control during the 2 years following treatment ( Figure 6 ). The annual mean depth to water table was 19 cm in the planted plots, compared with 12 cm in the control. The difference was slightly less during prolonged wet spells and slightly greater during long dry periods.
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Figure 3. Peak runoff rates for the drained-only control and the afforested treatments for five classes of peak discharge. Error bars show the least significant difference (P < 0.05) for each class. 
Peat water content
The water content of the peat cores, taken 4 weeks after the ploughing but before the drains had been dug, was, on average, significantly lower (P < 0.05) in the ploughed treatments than in the control (Figure 7) . The difference was consistent down to 0.9 m below the surface (but not significant at individual depths) and showed no tendency to decrease with increasing depth. There were no significant differences among the ploughed treatments.
Ground surface subsidence
Influence of the perimeter ditch Subsidence decreased with distance in from the perimeter ditch ( Figure 8 ). No point in the plots was more than 10 m from a ditch because the plot width was only 20 m.
Differences between treatments
The mean subsidence of the original ground surface between 1989 and 1993 was significantly less for the control treatment (3.7 cm, 95 per cent confidence limits: ± 1.3 cm) than for the planted treatments (10.7 ± 2.2 cm) (Figure 9 ), among which there was no significant difference. The tops of the plough ridges subsided by 18.5 (± 2.0) cm and the bottom of the furrows by 5.5 (± 1.3) cm.
Rate of subsidence over the five years Almost half of the subsidence over the first 5 years had occurred after 1 year in both control and ploughed treatments (Figure 9 ). The rate of subsidence slowed down and by the end of the 5 years, subsidence was only taking place during the summer, with no change, or a slight uprising during the winter.
Shrinkage of layers in the upper 1.5 m
The depth markers showed that peat shrinkage or compression occurred throughout the peat (Figure 10) , not just in the upper layers as is often assumed. In the control treatment, only the 0-25 cm layer showed a net expansion over the 5 years. The 25-50 cm layer showed a net decrease in thickness, as did the layer below 1.5 m. In the planted plots shrinkage or compression occurred in all layers but was least in the 0-25 cm layer. Every layer expanded during the period between April 1992 and May 1993, an exceptionally wet summer and autumn with an average winter.
Discussion and conclusions
The absence of an undrained control prevented us from testing the full impact of afforestation in this experiment. All plots, including the controls, had perimeter drains to allow runoff to be measured. These perimeter drains affected the control plots, causing some subsidence even in the middle of the plots. The control treatment represented drained but otherwise undisturbed bog, so the comparison between the afforestation treatments and the control reflected the impacts of the initial ploughing, planting and fertilizing and of the 5 years of tree growth. We found evidence that, within 5 years, afforestation had resulted in a lower annual runoff (7 per cent lower), higher peak runoff rate during minor rainstorms (25-30 per cent higher) and lower baseflow index (14 per cent lower) than the control treatment. It had also caused a decrease in the amount of water stored in the soil (lower peat water content, greater subsidence and lower water table than drainage alone). The water-balance principle, that on sites with impermeable subsoil, precipitation is equalled by the sum of runoff, evaporation (i.e. interception loss plus transpiration) and change in the soil water store, suggests that afforestation led to greater evaporation than did drainage alone. Ground vegetation responded to the afforestation treatments by growing taller, and together with the small trees, would have presented a much rougher vegetation surface, causing increased evaporation, than the control. This is supported by the fact that runoff differences occurred in spring, summer and possibly autumn. Only during winter did runoff from the ploughed, planted plots equal that from the control, reflecting a climatic limitation on the rate of evaporation.
Studies of flow regimes in small peatland catchments have shown that drainage, either alone (Nicholson et al., 1989) , or in combination with forestry ploughing results in increased total flows, mainly due to augmented summer low flows. We recognize that digging drains around our plots to enable runoff measurement may also have increased total and low flows.
Forestry ploughing causes a large increase in the proportion of the ground area capable of generating rapid runoff (i.e. drains and furrows). Ledger and Harper (1987) reported that 4 years after ploughing a peat bog in the south of Scotland, 36 per cent of the total runoff was generated by rain falling directly into furrows even though they only occupied 30 per cent of the total area. During summer rain events, 100 per cent of storm runoff was generated in this way, with the figure falling to 60 per cent on average after the ground had re-wet in autumn (David and Ledger, 1988) . Our findings of higher peak runoff rates and a lower baseflow index for ploughed ground than for the control, are consistent with the ploughing causing an increase in the proportion of rapid runoff (stormflow) at the expense of reduced baseflow. However we cannot tell whether the combination of drainage and ploughing has increased or decreased the flow rate at times of low flow, relative to that from undrained bog.
A clear reduction in baseflow index of the control over the period 1991-93 may have reflected a slowing of the rate of water loss from the entire peat profile due to compression. The subsidence results showed that compression of about 2 cm occurred in the control over the same period.
A clear picture has emerged of the initial stages of subsidence of peatlands after afforestation. Drainage combined with ploughing produces a slight lowering of the mean water table relative to the ground surface. A layer of peat which was originally below the water-table, and, because it had some buoyancy, exerted a relatively low pressure on the peat below it, loses its buoyancy when the water table falls and therefore exerts its full weight on the saturated peat below. This extra overburden pressure causes compression of the saturated peat. Peat water content is reduced, not only in the ploughed layer where water can drain into the furrows, but also well below it, the compression process involving the expulsion of water from peat which nevertheless remains saturated (Pyatt and John, 1989) . The picture is consistent with the two-stage compression process recognized by civil engineers (Hobbs, 1986) , i.e. a small amount of primary consolidation, lasting for a few days at most, as the increased pore water pressure dissipates and then much slower secondary compression lasting years rather than days, as water is expelled from micropores and the matrix structure becomes rearranged. Some shrinkage of the unsaturated layer occurs as it dries, but this occurs slowly and contributes little to overall subsidence.
Subsidence of the ground surface and dewatering of the underlying peat will have implications for forest management. The fall in height between the ground surface in the forest and the point at which the forest drainage system enters a natural water-course will diminish as subsidence occurs. The mean drainage gradient will be reduced by this effect. Low points in a drainage system are undesirable, firstly because patches of inadequately drained ground can act as centres for the early onset of windthrow and secondly because in extreme cases there is a risk of erosion of plough furrows if large volumes of water overflow into them from flooded ditches. Particularly at risk of becoming low points are sites where drains run from the forest into open ground. The reduction in the gradient of a drain in this situation can be calculated from our results; if the ground level falls 10 cm 5 m inside the forest and does not subside at all 5 m outside it, the drain gradient would be reduced by 0.6º. A maximum drain gradient of 2º is currently recommended (Pyatt, 1990; Forestry Authority, 1993 ) and on flat peatland sites, the maximum ground slope may be less than 1º, so the effect of subsidence certainly needs to be allowed for in specifying drain depths. After the first 5 years, subsidence may initially proceed more slowly but is likely to accelerate around the time of canopy closure due to increasing water use, particularly interception loss, by the trees. At the same time the zone spanning the forest edge, over which subsidence reduces to zero, increases in width. Pyatt et al. (1992) reported that a 0.9º slope had developed between a point 10 m inside and 15 m outside a 20-year-old lodgepole pine forest. Later work at the same forest aged 28 years showed changes in gradient of 0.95º resulting from subsidence (Shotbolt et al., 1998) .
The reversibility of the impacts of afforesting peatlands is a crucial consideration in the context of the feasibility of bog restoration, i.e. restoration of such sites to bogs for the sake of their wildlife habitat value (Anderson et al., 1995) . These results have shown that in the first few years after afforestation most of the subsidence is due to compression rather than to shrinkage associated with drying and oxygenation. Physical and chemical changes to peat resulting from drying and oxygenation are thought to be largely irreversible whereas compression is considered at least partly reversible (Hobbs, 1986) . The prospects of reversing subsidence which has occurred beneath pre-thicket stage plantations are fair. Even if rebound does not occur when the drained layer is rewetted, the compressed but still saturated peat will presumably have a low permeability and favour a high water-table.
Some sites in northern Scotland have been ploughed and drained for forestry but were left unplanted when it was feared that afforestation might affect adjacent conservation areas. Restoration of these ploughed areas to bog has been considered but information about the impact of ploughing alone has not been available. This work shows that ploughing causes a substantial lowering of the water-table and a marked change in vegetation composition on drained bogs, establishing some justification for restoring these areas to bog.
Recommendations
When planning the drainage system for a new planting scheme on peatland, drain gradients should be sufficient to allow for a reduction in the gradient of drains where they run from forest onto unplanted bog, such as on the edge of rides. The original gradient may reduce by 0.6º in the first five years and by up to 1º or more subsequently over short lengths. Drain maintenance operations in existing peatland forests should give particular attention to places where drains run from forest out onto open bog. In some cases deepening may be required from these points downwards to provide effective drainage.
Peatland restoration to conserve wildlife habitats is discussed in forthcoming Forestry Commission guidelines (Patterson and Anderson, 2000) . Peatland supporting pre-thicket stage first rotation forests should be considered restorable. Although considerable subsidence of the surface may have occurred, this is mostly due to compression, which causes conditions favourable for restoration, rather than to drying associated with aeration, which can hinder rewetting.
